We present the design of a polarization-dependent tunable nanostructured thin film absorber in the nearinfrared region. Germanium antimonide tellurite (GST) was employed as the phase change material in the designed structure. Our structure is composed of a periodic grating-type array of 150 nm thick Au buried with 50 nm thick GST layer from the top of the Au layer. The period of the gratings is 2 µm and in each period, GST width is 1 µm. GST was selected as the active phase change material because its optical properties undergo a substantial change during a structural transition from amorphous to crystalline phase. The optical absorption and reflection properties of the designed structure with respect to the geometric and material parameters were systematically investigated using the finite difference time domain computations. It was shown that absorption peak or reflection dip at the resonant wavelengths in the near-infrared region was red shifted from 2039 nm to 2143 nm wavelength by switching the phase change material from its amorphous to crystalline states. The distributions of the electric field and absorbed power at the resonant wavelengths with respect to different phases of the GST were investigated to further explain the physical origin of the absorption. Our study provides a path toward the realization of tunable infrared absorbers for applications, such as selective infrared emitters, infrared camouflage, sensors, and photovoltaic devices.
Introduction
Interaction of electromagnetic radiation with metamaterial and plasmonic nanostructures have attracted much attention since engineering the optical properties of these structures provides us very useful and various selective narow or broadband spectral control over different portions of the electromagnetic spectrum. Various studies were carried out to obtain spectral selective perfect or near perfect absorption over microwave [1] , terahertz [2] , infrared (IR) [3] [4] [5] and visible [6, 7] bands of electromagnetic spectrum. Engineering the spectral absorption and reflection properties in the IR range has several potential applications such as target recognition, biochemical sensing, camouflage, infrared signature mimicry, imaging, sensors, IR labeling and wavelength selective IR sources [8, 9] . In this regard, having a tunable resonance response for IR wavelength range is a desired feature for thermal emitters [10] , thermophotovoltaic cells [11] , as well as plasmonic scatters [12] [13] [14] . In order to dynamically or actively tune the absorption and reflection, certain tunable materials, which are called phase-change materials (PCMs) can be employed in the design [15] . Electrical [16] , optical [17] and thermal [18] tunability were experimentally studied as the main active tuning mechanisms. Thermally tunable materials, such as niobium dioxide (NbO 2 ) and vanadium * corresponding author; e-mail: abdurrahmanozdemir@kho.edu.tr dioxide (VO 2 ) are the examples of thermochromic materials, which change their optical properties as a function of temperature [19] . Another PCM is germanium antimonide tellurite (GST). Significantly different optical properties are obtained while the GST is in the amorphous and crystalline phases [20] . Additionally, it can be reliably and very rapidly (the switching time is < 500 ps) switched by electrical or optical pulses and it is scalable [15] . Therefore, it has been used for applications in rewritable optical data storage [21] . In this study, we selected Ge 2 Sb 1 Te 4 (abbreviated as GST) as the PCM. Employing the GST in our nanostructured thin film design, we propose and investigate the tunable reflection and absorption mechanism in the near-infrared region using the phase change capability of the GST.
Proposed design and simulation approach
Schematic of the proposed design is shown in Fig. 1 . Our design has thick Au coating (100 nm) as the backside reflector. IR illumination is sent from the nanostructured side. The designed structure is suspended in air. The unit structure is periodic along the x-axis with a 2 µm periodicity. 50 nm thick GST is buried into 150 nm thick Au. The width of the GST is 1 µm. Transmission through device is zero since there exists optically thick Au layer at the bottom of the device, which prevents the light transmission. Au is chosen as the host metallic layer due to its stability and low ohmic loss.
The full-field electromagnetic wave simulations were performed using Lumerical, a commercially available finite-difference time-domain (FDTD) simulation software package [22] . The FDTD simulations reported in Fig. 1 . Schematic of the nanostructured thin film based absorber. Plane wave is normally incident on the absorber surface. The structure is periodic along the xaxis with a 2 µm periodicity. 50 nm thick GST is buried into 150 nm thick Au. The width of the GST is 1 µm. this paper were performed in two-dimensional layouts. In the simulations, total transmission (T ) and reflection (R) from the structures were used to compute the absorption (A) by 1 − T − R, which reduces to 1 − R due to the optically thick Au back reflector. Periodic boundary conditions were used along the x and z axes, and perfectly matched layers were chosen along the propagation of electromagnetic waves (y axis). Plane waves were launched normally incident to the unit cell along the −y direction, and reflection was monitored with a power monitor placed behind the radiation source. Electric fields and absorbed power were detected within the frequency profile and power monitor.
In the FDTD simulations, complex refractive indices for two different phases (amorphous and crystal) of GST film were taken from earlier experimental study [20] . Complex refractive index of Au was taken from Palik database [23] . Accordingly, wavelength dependence of real (ε 1 ) and imaginary (ε 2 ) parts of corresponding relative dielectric permittivities for Au, amorphous and crystal phases of GST were plotted in Fig. 2 . 
Results and discussion
In Fig. 3 , simulation results are shown for our design. When the electric field vector is perpendicular to the gratings and the GST is in the amorphous phase as in Fig. 3a and b, a narrow band reflection dip and absorption peak resonant is obtained at 2039 nm wavelength. If the GST is switched from amorphous to the crystal phase under the same electric field polarization, this resonant wavelength shifts to the longer wavelength (from 2039 to 2143 nm), which corresponds to 5% tuning range. We also note that the absorption peak increases to the perfect absorption level when the GST changes state in addition to a red shift at the resonant wavelength. This can be attributed to the better impedance matching of the structure to the vacuum at the wavelenghth of 2143 nm. Another feature is related to the bandwidth of the resonant wavelength. It is seen that amorphous phase has narrower bandwidth at the resonant wavelength compared to the crystal phase. This difference is caused by the contrast between the optical parameters of two different phases of the GST as seen in Fig. 2b . If the polarization of the electric field vector is parallel to the gratings as in Fig. 3c and d , there exists no such strong resonant behavior between 2 µm and 3 µm wavelengths in both phases of the GST. While some intensity differences exist at the reflection and absorption spectra of two phases between 2 µm and 2.4 µm, these differences are still less than 0.5, which may be considered as non-strong resonant situation in comparison to the ones in the vertical electric field polarization. Therefore, we will focus on the results of strong resonant cases. 
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We can better observe the underlying tunable absorption mechanisms of our design by utilization of the crosssectional x-y plane power absorption map at the resonant wavelengths of amorphous-GST and crystal-GST, which are 2039 nm and 2143 nm, respectively. Absorbed power (P abs ) is the divergence of the Poynting vector for non-magnetic materials and can easily be computed using the simple relation P abs = πcε 0 ε 2 |E| 2 /λ where c is the speed of the light, ε 0 is the free space permittivity, ε 2 is the imaginary part of the relative dielectric permittivity, |E| is the absolute magnitude of the total electric field and λ is the free-space wavelength [4, 6] . The results are shown in Fig. 4 where FDTD simulations were performed with an incident electric field vector parallel to the x axis (i.e. vertical polarization). When we look at the two-dimensional colored absorbed power map of our design at the 2039 nm resonance wavelength ( Fig. 4a and b) , P abs of the amorphous-GST (Fig. 4a) is much more stronger than the crystal-GST case (Fig. 4b ). This huge difference is caused by the enhanced power loss inside the top Au corners and bottom Au layer as seen in Fig. 4a . At this wavelength, P abs of the crystal-GST (Fig. 4b ) occurs at the relatively small areas of the GST and Au boundaries and bottom Au, which leads to low absorption compared to the amorphous case. On the other hand, absorption mechanism at 2143 nm resonance wavelength ( Fig. 4c and d) is completely reversed with respect to the 2039 nm resonance wavelength. In this case, P abs of the crystal-GST (Fig. 4d ) is much stronger than the amorphous-GST case (Fig. 4c ). This large difference is caused by the enhanced power loss inside the crystal-GST in addition to the bottom Au layer as seen in Fig. 4d . Power absorption at amorphous-GST case (Fig. 4c) is negligibly small, which explains why we obtain very low absorption (≈0.05) in Fig. 3b (amorphous state at 2143 nm resonance wavelength). Another important observation at this resonant wavelength is the bandwidth enlargement for the crystal GST case. This was attributed to the contrast in the optical material parameters of the GST phases described above. This attribution was further supported and clarified in Fig. 4d . Here, we see enhanced absorption inside the crystal-GST material caused by non-zero and wavelength-dependent ε 2 (dashed red line in Fig. 2b) . Different absorption mechanisms described above can be understood in more detail when we look at the electric field intensity (|E| 2 ) confinement inside the x-y plane cross-sectional structure at the resonant wavelengths of 2039 nm and 2143 nm. These results were presented in Fig. 5 . As expected, |E| 2 is highly localized along the top edge boundaries between the GST and Au under resonant conditions of 2039 nm (Fig. 5a ) and 2143 nm (Fig. 5d ). Additionally, the concentration of the field intensity inside the lossy crystal-GST results in further raise of the absorption. On the other hand, there exists negligible electric field intensity penetration for the non-resonant conditions of the same wavelengths ( Fig. 5b and c) . Therefore, very low absorption values were obtained at these non-resonant wavelengths.
Conclusions
We have theoretically examined the absorption and reflection properties of the near-infrared light through the nanostructured thin film structures incorporated with the GST as the phase-change material (PCM). Since the optical properties of the GST undergo a substantial change from the amorphous to crystalline phase, we have selected GST as the active material. The optical absorption and reflection properties of the designed structure with respect to the geometric and material parameters were systematically investigated using the finite difference time domain computations. It was shown that absorption peak or reflection dip at the resonant wavelengths in the near-infrared region was red shifted from 2039 nm to 2143 nm wavelength (which corresponds to 5% tuning range) by switching the PCM from its amorphous to crystalline states. The distributions of the electric field intensity and the absorbed power at the resonant wavelengths with respect to different phases of the GST were investigated to further explain the physical origin of the absorption. This tunable infrared nanostructured absorber can be fabricated with the existing nanofabrication techniques and can find potential applications such as selective infrared emitters, infrared camouflage, sensors, and photovoltaic devices.
